
Extracellular ATP in Activity-Dependent
Remodeling of the Neuromuscular Junction

Min Jia, Min-Xu Li, R. Douglas Fields, Phillip G. Nelson

National Institute of Child Health and Human Development, The National Institutes of Health,
Bethesda, Maryland 20892

Received 28 September 2006; revised 20 December 2006; accepted 17 January 2007

ABSTRACT: Electrical activity during early devel-

opment affects the development and maintenance of

synapses (Spitzer [2006]: Nature 4447:707–712), but the

intercellular signals regulating maintenance of synapses

are not well identified. At the neuromuscular junction,

adenosine 5-triphosphate (ATP) is coreleased with ace-

tylcholine at activated nerve terminals to modulate syn-

aptic function. Here we use cocultured mouse motor

neurons and muscle cells in a three-compartment cell

culture chamber to test whether endogenously released

ATP plays a role in activity-dependent maintenance

of neuromuscular synapses. The results suggest that

ATP release at the synapse counters the negative ef-

fect of electrical activity, thus stabilizing activated syn-

apses. Confirming our previous work (Li et al. [2001]:

Nat Neurosci 4:871–872), we found that in doubly

innervated muscles, electrical stimulation induced heter-

osynaptic downregulation of the nonstimulated conver-

gent input to the muscle fiber with no or little change of

the stimulated inputs. However, in preparations that

were stimulated in the presence of apyrase, an enzyme

that degrades extracellular ATP, synapse down-

regulation of stimulated inputs was substantial and

significant, and end plate potentials were reduced. Apyr-

ase treatment for 20 h in the absence of stimulation

did result in moderate diminution, but this was pre-

vented by blocking spontaneous neural activity with

tetrodotoxin. The P2 receptor blocker, suramin, also

induced activity-dependent synapse diminution. The

decrease in synaptic efficacy produced by prolonged

stimulation in the presence of apyrase persisted for

greater than 20 h, consistent with a developmental time-

course and distinct from the rapid neuromodulatory

actions of ATP that have been demonstrated by others.

We conclude that extracellular ATP promotes stabiliza-

tion of the neuromuscular junction and may play a role

in activity-dependent synaptic modification during

development. ' 2007 Wiley Periodicals, Inc. Develop Neurobiol 67:

924–932, 2007
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INTRODUCTION

Early in development, muscle fibers are innervated

by synaptic termininals from multiple axons. Eventu-

ally synaptic inputs from all but one axon to each

muscle fiber are eliminated (Redfern, 1970). If

impulse activity is blocked, synapse elimination does

not proceed normally and junctions remain polyinner-

vated (Thompson et al., 1979). The molecular basis

for this developmental synapse modulation is still

being investigated (Jennings and Burden, 1993;

Sadasvam et al., 2005). In previous studies using the

in vitro chamber system described in the present

work, we found that in muscle cells innervated by

two synaptic inputs, electrical stimulation induced

selective heterosynaptic decrease in efficacy and this

was mediated in part by protein kinases A and C (Li

et al., 2001, 2004; Nelson et al., 2003). The present

experiments investigate the possible involvement of

extracellular adenosine 5-triphosphate (ATP) in this

process.
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ATP contained in synaptic vesicles is coreleased

with neurotransmitter, where it has modulatory effects

on synaptic transmission (Fu et al., 1997; Hong and

Chang, 1998; Fields and Stevens-Graham, 2002;

Fields and Burnstock, 2006; Todd and Robitaille,

2006). Direct application of ATP to cultured myo-

tubes increased acetylcholine receptor (AChR) stabil-

ity in the membrane (O’Malley et al., 1997), which is

important for maintenance of neuromuscular junc-

tions during synaptic remodeling in development

(Balice-Gordon and Lichtman, 1994). Application of

ATP induced expression of acetylcholine esterase and

AChR in muscles (Tsim and Barnard, 2002), and dif-

ferentiation of mammalian skeletal muscle (Ryten

et al., 2002). These experiments do not, however,

address the important question of whether the activ-

ity-dependent release of ATP at the NMJ stabilizes

the synapse during the activity-dependent process

of synapse elimination.

Terminal Schwann cells have also been implicated

in synapse remodeling at the neuromuscular junction

(Kang et al., 2003). Extracellular ATP modulates the

strength of synaptic transmission at the NMJ by

acting on terminal Schwann cells (Fields and Stevens-

Graham, 2002; Auld and Robitaille, 2003; Todd

et al., 2006). The present experiments were designed

to test the hypothesis if extracellular ATP could

contribute to activity-dependent synapse stabilization

at the mouse NMJ, and if so, whether ATP can act

independently from the known effects of ATP on

perisynaptic Schwann cells. This was accomplished

by using a coculture preparation of mouse motor

neurons, astroglia, and muscle cells but no Schwann

cells (see below). Additionally, this preparation

enables experiments to determine the locus of activ-

ity-dependent ATP release.

Neuronal stimulation was applied acutely and for

prolonged periods, and changes in synapse efficacy

were measured in the presence and absence of the

enzyme apyrase, which degrades extracellular ATP,

or in the presence of the P2 receptor blocker, suramin.

The results indicate that activity-dependent release of

ATP stabilizes synapses at the NMJ, and ATP is re-

leased from both presynaptic and postsynaptic cells.

MATERIALS AND METHODS

Preparation

The tissue culture preparations involved three-compartment

chambers with two populations of neurons from the ventral

horn (VH) of the mouse spinal cord in combination with

skeletal myotubes and were essentially as described in earlier

work (Jia et al., 1999 for details of chamber fabrication and

culture methodology). Neurons from the ventral half of the

spinal cord were grown in the two-side chambers and skele-

tal muscle fibers in the center chamber. It should be noted

that purified VH spinal cord neurons were grown on a

feeder monolayer of cerebral cortical astrocytes. Staining of

the VH/astrocyte cultures with three markers for Schwann

cells (S100, the p75 neurotrophin receptor, and the specific

Schwann cell marker—myelin protein zero or MPZ) indi-

cated that there were no Schwann cells in these cultures.

The neurites from the side chambers extending into the cen-

tral chamber formed synapses with the muscle cells in the

center chamber. The cultures were maintained in a 378C,

10% CO2 incubator.

Twitch Assay

A platinum electrode was placed in each side chamber and

the ground electrode was in the center chamber. A stimulus

delivered to axons from either side compartment elicited a

contraction in some myotubes. This response was scored as

a synaptic response. The percentage of functional synapse

loss (FSL) was calculated as an index of the decrease of

synaptic efficacy. The FSL was equal to the total number of

initially responding myotubes minus the number of those

myotubes responding after a treatment period, and this

difference divided by the initial number of responses. See

Jia et al. for details of this assay (Jia et al., 1999). In some

experiments, chronic extracellular neuronal stimulation was

performed in a CO2 incubator. The stimulation pattern used

in experiments was: 5 V biphasic (each pulse was 0.2 ms

duration with a separation of 5 ms) electrical stimulation at

a burst of 30 Hz, 2-s duration, every 10 s.

Intracellular Recording

Intracellular recordings were performed at room tempera-

ture in culture medium containing 5% horse serum. The pH

was balanced with CO2. Electrodes filled with 4 M potas-

sium acetate solution had resistances of around 100 MO.

Monosynaptic end plate potentials (EPPs) were evoked by

extracellular stimulation of the axons from one side com-

partment. Data were collected through an interface (Instru-

tech), and analyzed on a G3 Mac computer with software

developed by Synergy Research. The muscle sodium chan-

nel blocker, l-conotoxin from BACHEM Bioscience

(1 lM) was used to diminish the muscle action potential

during intracellular recordings. In some cases, a variance

analysis was done to determine synapse quantal variables.

The mean quantal number or average number of quanta

released per trial, m, is equal to 1/C.V. squared; the C.V. or

coefficient of variation is equal to the standard deviation of

the response amplitude divided by the response amplitude

mean. The quantal amplitude is the mean response ampli-

tude divided by m. For a more detailed description of this

technique, see Li et al. (2002).
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ATP Release Measurement

ATP concentration in the extracellular medium was mea-

sured using an ATP bioluminescence assay (Sigma Chemi-

cal Company), following the manufacturer’s procedures.

Experiments were conducted in full-culture medium, or in

HEPES-buffered balanced salt solution, pH 7.3, at 358C.

Similar results were obtained in either medium, provided

ample time (30 min) was provided after changing the

culture medium. Ten microlitres of medium was collected

at intervals of 0, 1, 3, and 5 min poststimulation, and added

to 90 lL of reaction mix. Fluorescence intensity was mea-

sured immediately in a luminometer, and values were

calibrated daily against a series of ATP standards. Electrical

stimulation of 5 V, 0.2 ms pulses, at 10–30 Hz was applied

in multicompartment chambers as described (Jia et al.,

1999), or specific receptor agonists were added to the

cultures by micropipette. In control experiments, measure-

ments were taken after solution without agonist was added

to the cultures, and the possible effect of agonists on the

assay was checked by adding the drugs to ATP standard sol-

utions. The latency to peak response varied among different

preparations; therefore, the peak response within 5 min was

used for data analysis in replicate experiments. Electrically-

induced release of ATP from muscle cultures was also

checked by direct observation on an inverted microscope

equipped for single-photon imaging, as described (Cheng

et al., 2001). This imaging method allowed direct obser-

vation of muscle cell contraction in response to electri-

cal stimulation in glass-bottomed culture dishes, through

field electrodes, simultaneously with ATP measurements.

Because of the lower impedance between electrodes in

these cell cultures, higher voltage stimulation was applied

(10–25 V). The glia cultures were the same cerebral cortical

astrocytes used as a feeder layer in the VH-cultures.

Chemicals

Apyrase (200 units) from Sigma Chemical, for the experi-

ments was dissolved in culture medium to a final concentra-

tion of 30 unit/mL. Suramin from Sigma Chemical was

dissolved in H2O to make a 10 mM stock solution. This was

diluted 100-fold with culture medium to make a final

concentration of 100 lM for application to the cells. ATP

was from Sigma Chemical. Tetrodotoxin (TTx) from Sigma

Chemical (1 lM) was used to block spontaneous activities.

Veratridine was dissolved in ethanol to make a 10 mM
stock and used at 50–100 lM. Carbachol was dissolved in

PBS and used at 0.1–1 mM.

Results are presented as the mean 6 the standard error

of the mean.

RESULTS

ATP Is Released From Both Nerve
and Muscle by Activation

Sources of activity-dependent release of ATP at the

neuromuscular junction were identified by measuring

ATP with a luciferin/luciferase reaction in various

cultures stimulated by depolarization with veratridine

(100 lM), with 10 Hz electrical stimulation, or by

AChR activation with carbachol (1 mM). An over

15-fold increase of ATP was produced in neuronal

cultures by the addition of veratridine. Since these

neurons are cultured on a background of cortical

astrocytes, we tested responses in pure cultures of

astrocytes to the same veratridine treatment, but no

increase in ATP was measurable. This argues against

astrocytes as the predominant source of ATP in these

neuronal cultures.

An increase (>3-fold) in ATP release from neuro-

nal cultures was produced by the electrical stimula-

tion. Carbachol produced an over 17-fold increase in

ATP release from muscle cultures and produced a

marginal (<2-fold) increase in ATP release from

astrocytes. These astrocytes are not present in muscle

cultures and therefore can not be the source for the

large increase in ATP release induced by carbachol

from muscle cultures. As an example of this sort of

experiment, ATP release from myotubes in culture in

response to electrical stimulation is shown in Figure 1.

Figure 1(A) shows digital images of the dots of light

associated with individual molecules of ATP, and

Figure 1(B) plots counts of the concentration of ATP

in the culture medium as a function of time during

electrical stimulation for 2 s at 30 Hz every 10 s.

Apyrase Treatment Causes
Activity-Dependent Synapse Reduction

We wished to explore the effect of apyrase on synap-

tic efficacy and have used the twitch assay of synaptic

strength to this end (Fig. 2). In these experiments,

only stimulated inputs were examined, and as we

have noted, stimulated inputs are stable in untreated

preparations. Two hours of stimulation in the pres-

ence of apyrase gives highly significant synapse loss

(loss 21.7%, p < 0.004 compared with stim only) as

measured by the twitch assay, and there is signifi-

cantly less loss in the presence of apyrase but with no

stimulation (loss 8.8%, p < 0.021 relative to stim.

plus apyrase). When the treatment/stimulation period

was increased to 20 h, the loss with apyrase treat-

ment, both in the presence (loss 27.4%, p ¼ 0.017

compared with stim only) and absence of electrical

stimulation (loss 29.6%, p ¼ 0.001 compared with no

stim, no apyrase control group) was increased. The

loss with apyrase in the absence of stimulation was

presumably related to spontaneous activity in the

cultures, since when activity was blocked with TTx

in the presence of apyrase, there was no significant
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loss of synaptic connectivity (loss 7.2%, p > 0.8

compared with control), i.e., the loss in apyrase and

TTx was the same as with TTx and no apyrase (p >
0.3). In our system, treatment with TTx alone had no

effect on synapse efficacy as measured with the

twitch assay (data not shown).

As noted, previous results had shown that when

neural inputs to the muscle cells in our system are

stimulated, these stimulated inputs maintain their

synaptic efficacy quite well, with relatively little

decrement produced by activation. When similar

stimulation was done in the presence of the enzyme,

apyrase, which breaks down ATP, however, we

measured a considerable loss of synaptic efficacy.

This is shown in Figure 3, in which intracellular

recordings from innervated myotubes are taken as an

Figure 1 Imaging of ATP release in a muscle culture with electrical stimulation for 2 s at 30 Hz

every 10 s using single photon imaging in the presence of luciferin/luciferase. White dots represent

light emissions from individual ATP molecules in (A), with each frame taken sequentially. (B)

Counts of the emissions as a function of time after electrical stimulation, converted to nanomolar

ATP using a calibration curve derived from known concentrations of ATP.
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indicator of synapse strength. Averaged synaptic

responses are shown before and after stimulation for

2 h in the presence of apyrase. Amplitude histograms

are shown in the second row of the figure. The shift

to lower amplitude responses after stimulation is

clear. The bottom graph shows data from five differ-

ent synaptic connections that were stimulated in the

absence of apyrase and which showed no decrement

in strength with the stimulation (left pair of bars).

The pair of bars on the right represent data from eight

different synaptic connections that were stimulated

the same as in the other part of the figure, but in the

presence of apyrase. The decrement in synapse

strength is to less than 50% of the prestimulus value,

a highly significant loss. In these experiments, the

apyrase was added to both the center and side com-

partments to ensure that no dilution of the apyrase

solution by leakage of medium would take place.

Similar decrements in synapse efficacy with stimula-

tion were obtained when agents were added only to

the center, synaptic compartment (see below).

Synapse Stabilization Is Mediated
by Activation of P2 Receptors

ATP activates P2-type purinoceptors, either iono-

tropic (P2X) or G-protein coupled (P2Y), and it can

also be hydrolyzed by ectonucleotidases to adenosine,

which activates P1 receptors. To test whether ATP

exerts its effects on P2 receptors at the neuromuscular

junction, a P2 receptor blocker, suramin, was used.

Similar to apyrase, suramin also induced activity-

Figure 2 Application of 30 units/mL of apyrase induced

significant synapse downregulation in electrically stimu-

lated preparations at both 2 and 20 h. #p < 0.004 and ##p
< 0.018. The synapse decrement is more in 2 h of apyrase

treatment with electrical stimulation than in spontaneously

active but unstimulated preparations treated with apyrase

(*p < 0.024). In preparations treated with apyrase for 20 h

there was no significant difference (**p > 0.8) between

stimulated preparations and spontaneously active but unsti-

mulated preparations. Preparations treated with both apyr-

ase and TTx (to block all electrical activity) had signifi-

cantly less loss than either of these preparations and were

no different from untreated control preparations. In this and

subsequent figures the error bars represent the SEM.

Figure 3 Intracellular recordings show that a treatment

of apyrase (2 h) reduced EPP amplitude. (a) EPP traces

before (upper) and after (lower) the treatment of apyrase

plus electrical stimulation. (b) The histogram of the same

recordings in (a). (c) EPPs from five control (electric stimu-

lation only) and eight experiments (electrical stimulation

plus apyrase) showed that the 2-h treatment of apyrase plus

electrical stimulation reduced EPP amplitude (*control

group: p > 0.47, **apy þ stim group: p < 0.027; paired

t test).
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dependent synapse diminution in our preparations.

With suramin (100 lM) added only in the center

synaptic chamber and using the twitch assay, electri-

cal stimulation induced synapse diminution after

either 2 h (ca. 28% loss) or 20 h (47% loss) (data not

shown). EPP recordings show that suramin only in

the center chamber plus stimulation reduced EPP

amplitude (Fig. 4). After a 20-h treatment, EPP

amplitude was significantly reduced (p < 0.019).

After wash out of suramin, the average EPP ampli-

tude did not recover immediately (p < 0.015, com-

pared with control). These results suggest that the

effects of extracellular ATP on synapse stabilization

are through the activation of P2 receptors. The effects

are not readily reversed by washout of the suramin.

Also note that even after 20 h of stimulation in the

absence of ATP receptor blockade there was no

reduction in EPP amplitude (two right hand bars).

ATPActs Presynaptically

We have used a variance analysis method to deter-

mine whether the reduction in synaptic efficacy was

due to a decrease in transmitter release probability or

quantal number (a presynaptic variable) or to a de-

crease in quantal amplitude (a postsynaptic variable).

We have previously shown that this analysis is an

appropriate one in our preparation (Li et al., 2002). In

four synapses stimulated for 2 h in the presence of

apyrase in side and center chambers and in which the

recordings were stable and there was at least a 2-fold

change in EPP amplitude, the results were clear.

There was a decrease in the quantal number, m, to

16% of the prestimulation value (36.4 6 11.7 to

5.8 6 2.2 mean 6 S.E.M; p ¼ 0.041). There was a

nonsignificant change in quantal amplitude (0.139 6

0.09 to 0.08 6 0.02; p > 0.2). This result was con-

firmed in experiments in which apyrase was added

only to the central, synapse compartment of the

chambers and the preparations were stimulated for

about 1 h. In four connections there was a significant

decrease in quantal number (p ¼ 0.02) with no change

in quantal size (p > 0.3).

ATP Has Long Term Effects (>20 h)

We were interested in the possibility that ATP might

be involved in relatively long-term modulation of

synaptic function. We have examined the recovery

from 20-h treatments with apyrase. The recovery pro-

cess is shown in Figure 5. After some 20 h of the

apyrase/stimulation regimen, recovery from the pro-

Figure 4 ATP activates P2-type purinoceptors. The P2 receptor blocker, suramin, also induced

activity-dependent synapse reduction. Suramin (100 lM) added in the center chamber (synapse

part) induced EPP reduction with either 1 h (n ¼ 5, *p < 0.018) or 20 h (n ¼ 6, **p < 0.019) elec-

trical stimulation. EPP amplitudes recovered after wash out of suramin following the 1 h treatment

of suramin plus stimulation (n ¼ 5, #p > 0.2). EPPs did not recover after wash out suramin follow-

ing 20 h treatment with suramin plus electrical stimulation (n ¼ 6, ##p < 0.015). In a control group

with electrical stimulation for 20 h in the absence of suramin did not induce EPP reduction (n ¼ 4,

^ p > 0.4; paired t test).
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longed treatment is slow, and even 20 h after washout

of the apyrase and cessation of stimulation, signifi-

cant synaptic decrement could be demonstrated

(Fig. 5). We conclude that in the absence of extracel-

lular ATP, activity produces some relatively long-

term changes in synaptic function, or stated con-

versely, ATP plays a positive role in maintaining

synaptic function during activation.

Exogenous ATP Does Not Stabilize
Synapse

Some discrepancy exists in the literature as to the

effects of exogenously applied ATP on synaptic func-

tion (Fu et al., 1997; Giniatullin and Sokolova, 1998).

We have examined this question in our chamber

system, using several concentrations of ATP, from

0.1 to 100 lM, applied in the center, side, or both

compartments of the chamber system. ATP at a

concentration of 100 lM applied in the center cham-

ber produced a synapse loss of (72 6 5)%, n ¼ 6, as

measured by the twitch assay, a highly significant

loss. Using the EPP assay, 100 lM ATP application

induced a decrease from 7.3 6 1.6 to 1.1 6 mV,

n ¼ 6. Thus, the EPP was reduced to 18% of the pre-

treatment value. For 10 lM ATP the value was 27%,

n ¼ 5; for 1 lM 53%, n ¼ 3 and for 0.1 lM there was

no reduction, n ¼ 3.

Using the twitch assay we found a significant dif-

ference when ATP was applied in the different com-

partments of our system. As noted above, 100 lM
ATP in only the center chamber produced a (72 6 5)%

loss of functional connections. Significantly less loss,

(25 6 6)%, n ¼ 3, was produced when the ATP was

applied in both the center and side compartments. No

loss was produced (0 6 0)% when the ATP was

applied only in the side compartment containing the

VH neurons. We have not studied this further but it

suggests some positive effect on synaptic transmis-

sion of ATP applied to the neuronal cell bodies.

DISCUSSION

A major problem for neuroscience is to determine the

mechanisms for activity-dependent Hebbian synaptic

plasticity, particularly during development (Fields and

Nelson, 1992; Nelson et al., 1995). Our findings show

that ATP is released in an activity dependent manner

from both nerve and muscle, and we suggest that the

released ATP could play a role in developmental syn-

apse modulation. In our system, activation of a neuro-

muscular synapse results in minimal or no loss of

synaptic efficacy of that activated synapse. There is a

destabilizing effect of activation, however, since an

inactive input to the activated muscle is diminished in

efficacy. If extracellular ATP action is blocked by the

application of apyrase (which breaks down extracel-

lular ATP), stimulation produces a highly significant

(>50%) reduction in synapse strength of the stimu-

lated input. We interpret this as indicating that ATP,

coreleased with Ach by neural activity, serves to sta-

bilize and maintain efficacy of stimulated synapses.

The ATP P2 receptor appeared to be involved in

the preservation of synaptic strength during chronic

stimulation, since preparations incubated in the P2

blocker, suramin, exhibited substantial synaptic loss

when stimulated. Our previous work has shown that

PKA activation also stabilizes synapses (Nelson et al.,

2003). It seems likely that ATP works on synapses at

least in part through a process parallel to the PKA

cascade.

The effects of ATP breakdown by apyrase re-

quired neuromuscular activity to be evident; in the

presence of the Na+ channel blocker, TTx, apyrase

had no effect on synapse efficacy. Thus, lack of

extracellular ATP does not have a direct negative

effect on synaptic transmission. ATP release appears

to counter the negative effect of electrical activity,

thus stabilizing activated synapses. Local ATP levels

in the absence of activity in a given synapse were not

adequate to maintain that synapse, in that inactive

synapses were reduced by activation of the muscle

cells by other inputs. It is important to note that both

of the molecules eliciting activity-dependent synapse

loss can act only on extracellular (released) ATP.

Each acts by a different mechanism, with apyrase

reducing extracellular ATP and suramin blocking P2

ATP receptors.

Figure 5 A treatment of apyrase plus electrical stimula-

tion for 20 h reduced the EPP (n ¼ 8, *p < 0.014). Two

hours and 20 h after the wash out of apyrase and stopping

electrical stimulation the EPP reductions are still significant

(#p < 0.02 and ^ p < 0.039; paired t test).
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Both nerve and muscle cells responded to activa-

tion with an increase in ATP release, so either nerve

or muscle (or both) cell types could be responsible

for the ATP-related effects on synapse strength. Our

quantal analysis indicated that the long-term (>2 h)

effects of ATP were due to a reduction in the presy-

naptically determined quantal number (mean number

of released neurotransmitter quanta). The quantal size

was not significantly affected. Thus, whatever the

source of the released ATP, one of the targets for its

action is the presynaptic nerve. However, ATP can

act through several different receptors and has been

shown to affect AChR stability (O’Malley et al.,

1997). It seems a plausible possibility that ATP may

act also, in part, by preventing loss of the postsynap-

tic receptor from activated synapses. Schwann cells

have been shown to modulate transmission through

multiple mechanisms (Fields and Stevens-Graham,

2002; Auld and Robitaille, 2003). However, we failed

to detect staining in our cultures with three separate

Schwann cell markers and conclude that Schwann

cells are absent. Our results, therefore show an effect

of activity-dependently released ATP on synaptic

function that is not dependent on these perisynaptic

Schwann cells.

There is a striking difference between the effects

of ATP released by nerve stimulation and ATP gener-

ally applied in the bathing medium. Since block or

breakdown of ATP produces an activity-dependent

decrease of synapse effectiveness, we conclude that

endogenously released ATP stabilizes synapses. We

found, by contrast, that exogenously applied ATP

over a range of concentrations from 100 to 1 lM
reduces synapse strength. This may reflect differences

in the temporal or spatial properties of receptor acti-

vation by endogenous and exogenously applied ATP.

Moreover, stimulation of extrasynaptic purinergic

receptors by exogenous ATP could have different

effects from activation of synaptic receptors by

ATP released at the presynaptic terminal. It may be

noted that suppression of ACh release, mediated by

P2 receptors, has been demonstrated at the NMJ

(Giniatullin and Sokolova, 1998), but at a concentra-

tion of 1 mM ATP, (Fu et al., 1997), found an increase

in Ach release. Our finding of differential effects of

ATP applied to the center or side compartments of

our chamber system may be relevant to these differ-

ent results. It may be noted that all P2 receptors, with

the possible exception of P2X6, P2X7, P2Y1,

and P2Y11 would be expected to be activated by

ATP at a concentration of 100 lM (Burnstock and

Knight, 2004).

The loss of synapse efficacy produced by block of

activity-dependent synaptically released ATP suggests

that this locally generated extracellular ATP acts to

strengthen or stabilize synaptic function. Our obser-

vations deal with physiological, functional indices of

synaptic efficacy, and it will be important to examine

structural features that may be related to ATP action

such as alteration of postsynaptic receptors or presyn-

aptic boutons.

Our previous results (Li et al., 2001, 2004) showed

an involvement of protein kinases A and C in selec-

tive activity-dependent synapse reduction and stabili-

zation. In particular, PKC activation served to desta-

bilize synapses and PKA stabilized them. Those

mechanisms presumably work in concert with the

ATP initiated effects noted here.

The effects of interfering for prolonged periods of

time (2–20 h) with extracellular ATP action were

long lasting (at least 20 h). This suggests to us that

ATP action may be involved in long-term modulation

of synapse structure and function and since produc-

tion of this ATP is activity dependent, the ATP may

be involved in the activity-dependent modulation of

synaptic circuitry that occurs during development.
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